A model based on conservation of energy for a moving heat source incident on a flat plate is used to predict the threshold laser beam irradiance required to initiate melting on a metal surface. With the use of a nondimensional variable and its solution, the threshold irradiance can be predicted with the use of a simple equation that is a function of the absorptivity of the surface, thermal conductivity of the metal, temperature increase for melting, diameter of the laser beam at the surface and the nondimensional variable value for the ratio of the thermal diffusivity of the metal to the product of the beam diameter and velocity used. Laser beam irradiances exceeding these predicted values are required for welding. The model predictions are validated with experimental results of beam irradiances required for welding different metals.
Introduction
Laser beam welding has become the preferred joining method for many manufacturing applications that require high speed and precision with low heat effects. In the automotive area, the process parameters required for the production of sound welds in steel are well understood. In the case of aluminum, application of these process parameters developed for steel have not produced good welds [l] . More recent work with a better fundamental understanding of the welding process showed the need for a higher irradiance beam to affect welds on aluminum alloys [23. It is generally understood that the high reflectivity or poor absorptivity of aluminum alloys for the laser radiation together with the high thermal conductivity increases the required threshold irradiance. Experimental attempts to correlate the threshold irradiance with the thermal conductivity of the alloy show no clear trends [2, 3,4]. Rapp et al. showed that alloying element volatility also affected the threshold irradiance [3] . However, the published literature does not indicate a thorough comprehension of the parameters affecting the threshold irradiance and the establishment of a consistent keyhole. Factors contributing to this problem include confusion on the effects of basic physical mechanisms, and a lack of accurate information on absorptivities and thermodynamic property values at high temperatures.
In process development, a simple guide or predictive method that provides qualitative trends is often more practical and useful than a complex model that is a function of many variables. In addition, a nondimensional predictive tool is of more general use for application to different metals and alloys. The intent of this paper is to present a simple equation for the general prediction of . ~ threshold laser beam irradiance for the onset of melting. These predicted irradiance values form the lower bound of irradiance values necessary for laser beam welding and aid the user in determining the required beam parameters for effective processing.
Surface melting model
The model configuration is that of a laser beam focussed onto a flat metal plate moving at a constant velocity. The equivalent problem is that of a finite heat source travelling at constant velocity on the surface of a plate. We seek to find a solution that will determine the required beam irradiance to initiate melting given the beam diameter at the surface and the thermophysical properties of the metal. The equation for the conservation of energy in the reference frame of the beam is
where k is the thermal conductivity of the metal, p is the density, cp is the specific heat and v is the speed of the plate in the y coordinate.
Letting the boundary conditions be zero heat loss through the top surface and ambient temperature on the sides and bottom surface of the plate it is possible to nondimensionalize Eqn. The beam profile is assumed to be top hat and hence the plane of symmetry is along x=O. The maximum temperature is given by
Since the melting point of the metal is known, Eqn. 6 can be used to predict the beam irradiance required for initiating melting, where A is the absorptivity of the surface. J m , can be obtained by solving Eqn (3) for the case of an infinitely thick metal sheet. However, the 3-D numerical solution requires substantial computational time. It was found that a good approximation can be obtained for a finite size plate of 10 beam diameters thickness and a horizontal extent of 35 beam diameters in the forward direction and 100 beam diameters in the opposite direction. Doubling the dimensions did not produce more than 1 % change in the value of J , , ,
A finite size plate is also a better representation of the experimental conditions during welding. For any metal, the minimum beam irradiance required for melting can then be estimated using the thermophysical properties and the Jm,, curve shown in Fig. 1 . The thermal diffusivity a = M(pc,). Plasma effects will increase the beam irradiance requirements. Keyhole welding requires irradiance values higher than for melting. Values of the thermal diffusivity and conductivity are available for most metals and alloys [5, 61 . The beam diameter can be measured precisely using beam analyzers such as the Prometec laser beam analyzer. Absorptivities can be computed for metals using the complex refractive index values [7] . However, the absorptivity values are affected by the surface condition and temperature [7, 8, 91 . Nevertheless, this simple equation should provide relatively good lower bound values. The utility of Eqn. ( 5 ) is examined using published data on laser welding of different metals. Table 1 lists the values used for the thermophysical properties of the metals to determine I,. The values used for the absorptivity is for the pure and polished metal. For actual conditions encountered during laser beam welding, the absorptivities are expected to be higher due to oxide layers and surface roughness [ 1 11. The solidus temperature is used for the melting point for the aluminum alloys [ 121. Thermal conductivities at the solidus temperature for aluminum alloys range from 150 W m-1K-1 for 5000 series alloys to 220 W m-1K-1 for AAllOO [6] . The metals in Table  1 It should be noted that laser beam absorption with a plasma and keyhole during welding tends to be substantially higher than that encountered during laser heating of a metal. However, higher threshold irradiance for welding than melting is required to melt and vaporize metal to form a keyhole [7, 8, 9] . Consequently, the use of the data from Table 1 and the condition for melting in Eqn. (5) will generate irradiances that are lower bound values of those required for welding.
Model validation
The data for keyhole welds using cw lasers are derived from published literature and the authors' work ( Table 2 ). The value of v ranges from 1.0 to 18.3 cm s-1 and d ranges from 160 to 500 pm. Weld penetration varied from 1.0 to 2.7 mm. There is some uncertainty in comparing the irradiances used for welding. Higher irradiance is required for deeper penetration and not all the data is for the same penetration. Some of the references specify the location of the focus (usually at the surface) but others do not. Some may have located the beam focus above the surface resulting in a higher required irradiance than at the surface. As predicted by Eqn. (7), the irradiances computed for melting are lower than the irradiances used for welding. This is evident in Fig. 2 where the ratio of the irradiance used for keyhole welding to the predicted irradiance for melting is plotted as a function of the latter parameter. All data values is above 1 .O except for the copper data. This discrepancy is small as an increase in the absorptivity assumed for copper from 5% to 6% would increase the ratio to one. The 5% value is for pure copper. The presence of an oxide layer or roughness will increase the absorptivity substantially. I melt ( W W Figure 2 . Ratio of irradiance used for welding to irradiance computed for melting for different metals and alloys as a function of the irradiance computed for melting. Data derived from Table 2 .
The data in Fig. 2 exhibits a trend of higher values of Iweld/ImeIt for lower values of Imelt. There is considerable scatter in the data for aluminum alloys. As mentioned previously irradiances used for welding are affected by weld penetration and speed in addition to beam focus position. Deeper penetration at constant weld speed will also require higher irradiance. Irradiance requirements will also be affected by the optics used if the depth of focus is shallower than the penetration required.
Regardless of the process parameters used, a minimum irradiance is required to maintain the plasma and keyhole. Keyhole welding would then dictate a minimum irradiance that will depend on the wavelength and the materials properties. Data available indicate a value of 105-106 Wcm-2 to maintain the plasma and keyhole [7] . Hence, the ratio of Iweld to Imelt would tend to increase for lower Imelt values particularly when they are < 106 W cm-2.
Conclusions
The solution of the heat flow equation for a moving finite heat source on a flat plate results in a simple algebraic equation which predict the minimum laser beam irradiance required for the onset of melting. This melting threshold irradiance gives a lower bound of the irradiance required for welding. For the data examined in the literature, the irradiances used for welding different metals and alloys under a wide range of beam diameters and welding speeds are within a factor of 10 times the melting threshold irradiance predicted. Closer scrutiny of the process conditions, such as depth of focus and the location of the focus, allow a closer approximation of the required irradiance for the penetration needed. Hence this simple equation for the prediction of the melting threshold irradiance can serve as a pragmatic guide for the irradiance required to weld a particular metal or alloy with a given set of process parameters.
